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ABS TRACT
INORGANIC CONSTITUENTS OF CRUDE OIL
Stanley H. Southwick
Submitted for the degree of Doctor of Philosophy
in the Department of Geology on June 1, 1951
The discovery of the common association of many metallic
elements with crude oil, particularly of vanadium with asihal-
tic crude oils, and of nickel with virtually all crude oils has
led to considerable speculation.
Work was undertaken with the puroose of determining
quantitatively the presence, not only of nickel and vanadium,
but of any or all elements which should appear to be of interest.
A complete qualitative analysis for metallic elements
was made on the combustion residues of three asohaltic-base
oils and one non-asphaltic oil, of greatly differing age and
geographic location. Al, Ca, Cr, Cu, Fe, Mg, Ni, Si, Ag, Na,
and Zn are common to all four. Additional elements common to
the three asphaltic crudes are Pb, Mn, Rb, Sr, Sn, and V.
Efforts to develop a strictly quantitative spectrographic
method for the determination of these elements in crude oil
failed. Errors and limitations of direct arcing methods are
discussed in detail.
Efforts to develop a method for the ashing of crude oil
orior to analysis failed to yield reproducible results. The
nature and magnitude of losses in both wet and dry combustion
techniques were investigated in some detail, oarticularly with
respect to nickel and chromium. The conclubion is reached that
there is no acceptable procedure for ashing a crude oil quanti-
tatively. A method is provosed for a semi-quantitative correc-
tion for losses in wet combustion techniques.
The usefulness of solvent extraction and chromatograohic
separation of crude oil in obtaining asohaltic and non-asohaltic
fractions for analysis was investigated. It was found that
neither method leads to a clear-cut or definable seoaration.
Recommendations are made for further use of chromatograohic
methods.
Evidence was discovered concerning the chemical state of
vanadium, nickel, and chromium in an asohaltic crude oil.
Vanadium and nickel are shown to be present in an oil-soluble
comnlex of the oorphyrin tyce, while chromium is shown to be
present in an inorganic form.
Evidence is presented in support of the belief that
chromium is present in many crude oils in hitherto unsuspected
quantity,and the proi'osal is made that chromium is a more likely
catalyst in oetroleum formation than either vanadium or nickel.
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INTRODUCTION
The peculiar association of vanadium and
asphaltic deposits was first reported in 1894(41). Since
that time, reports of similar deposits have come from such
widely separated sections of the earth as Peru, Argentina,
Venezuela, Germany, Italy, Russia, Japan, and the United
States. Concurrently with these came reports of many
elements in trace amounts in naturally occurring organic
substances.
Of special interest to the petroleum geologist
is the occurrence of these elements in rrude oil. As to
their possible significance, many questions immediately
come to mind. How did these elements become incorporated
in asnhaltic material and petroleum? What is their chemical
state? Are they tied up in organic complexes, or are they
present merely as dissolved or suspended inorganic compounds?
What role, if any, did they play in the original formation
of petroleum? Were they concentrated originally by plants
and animals, or were they added later from the enclosing
sediments? A few scientists have theorized without sufficient
evidence concerning various aspects of these questions, but,
with one exception, no one has provided any acceptable answers.
The one exception is A. Treibs, a German chemist, whose re-
markable work on porphyrins(83,84,85,86,87), oublished during
the period 1934 to 1936, stands as the only significant
advance made on the general problem in the fifty-seven
years since its discovery. There are, perhaps, two very
good reasons for this lack of progress. One is the purely
academic nature of the problem, and the other, the extreme
difficulty of proper analysis of the material itself.
Interest in the past has centered chiefly about
the single element vanadium, since it is recovered commer-
cially from the combustion residue of oil-burning ships and
industrial machinery. In recent years, industries using
high-vanadium fuel oil have experienced considerable diffi-
culty with the melting of fire-box linings made of silica-
brick. Vanadium apparently forms a eutectic with silica.
However, since these two groups are interested only in
recovery on the one hand, and removal on the other, no
concerted effort has been made to discover the reasons for
its presence.
The work outlined in the pages to follow was under-
taken in the belief that reliable quantitative determinations
of the elements present in crude oils might yield valuable
basic information. Such information is indeed necessary
before attempting a reasonable answer to any of the questions
outlined above. Among others, the possibility was envisioned
that some one element, or elements, might be found present in
all crude oils. Interpretation of such information, if found,
might shed considerable light upon the origin of petroleum.
-~ U
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Information concerning the distribution of these elements
among different components of the same oil would also be of
much value. Having accepted Treibs convincing evidence( 87 )
that petroleum could not have been subjected either during
or after its formation to temperatures much exceeding 2000C.,
the author was advised to utilize low temperature techniques
such as chromatography and low-boiling solvent extraction to
secure fractions for analysis. Emission spectroscopy utiliz-
ing the direct-current arc was chosen as the analytical tool.
The crude oil selected for the initial investigation and
development of procedure is a Cretaceous, asphaltic-base,
high-vanadium crude from Venezuela, known as Boscan crude.
LITERATTRE SURVEY
Credit for the first reported discovery of vanadium
in association with organic deposits usually goes to Hewett(41),
who in 1909 published facts relating to samples he examined in
1894. Fester(22) contends that as early as 1883, the famous
naturalist, Antonio Raimondi, proved vanadium to be present in
the asphaltic deposits of Llacsacocha, Peru, but that credit
for the first discovery goes to an anonymous English technical
expert. Active interest in the subject probably dates from
Hewett's report. In any event, since the beginning of the
present century, scientists in several fields, including in-
organic, organic, and petroleum chemistry, geology, and
-U
biochemistry, have become interested in the problem.
The possibility that living organisms may have
been responsible for concentrating this element was recog-
nized as early as 1911 when Henze(39) reported that the
chromogen from the blood of ascidians contained more than
15% of V205. Many years later, Bertrand(7 ) reported
significant concentrations of vanadium in a great variety
of org'anisms, including representatives of Porifera,
Coelenterata, Echinodermata, Bryozoa, Annelida, Mollusca,
Arthropoda, fish, snakes and fungi. Similar work was carried
out by Phillips(67 ). In summarizing the above type of work
with terrestrial and marine plants and animals, Vinogradov(91)
concluded that their average vanadium content is about 0.13%.
In 1923, Lindgren made the observation that apparently certain
life orocesses are able to use vanadium as a substitute for
copper or phosphorus(58 ).
From further work by Bertrand(8 ), Bowen(ll), and
Gericke(26 ), it became apparent that vanadium in various forms
and low concentrations (of the order of lo-5M) has a sort of
catalytic effect upon the growth and reproduction of various
bacteria, mold, and plants. Several other elements, among
them copper, manganese, and iron, were investigated and found
to have no such effect, copper even showing an inhibitory effect
when present in larger concentrations than 10-1 2M. It was
shown in some cases that increasing the vanadium concentration
much above 10-5M produces a marked inhibitory or toxic effect.
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Zobel(97) investigated the effect of heavy metals
on hydrocarbon-oxidizing bacteria and found that
certain low concentrations (0.001 to 0.00001
mols/L. as chlorides) of vanadium, mercury, cobalt,
nickel, copper, zinc, lead, cadmium, tin, and
molybdenum exhibit a pronounced inhibitory effect.
Such observations have resulted in some
interesting speculation on the origin of petroleum.
Phillips( 67 ), having discovered that holothurians
off the coast of the Tortugas were able to secrete
large quantities of vanadium, apparently con-
centrated from the water, postulated that these
organisms had had a oart in the fixation of the
element on the ocean floor. He extended this
theory to explain not only the vanadium content
of crude oil but also of coal and of sedimentary
rocks. However, it is more reasonable to believe
that coal and deposits leading to oil formation
were laid down under anaerobic conditions where
bacteria, and not marine invertebrates, must have
been the most prevalent form of life.
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A more logical approach to the problem
was taken by Arkhangelskii(3) and Vinogradov(91).
Arkhangelskii reported, as did Hewett in 1909,
that the vanadium is related to the organic matter
of carbonaceous sediments rather than to their
inorganic constituents. From a study of the
sediments of the Black Sea, he concluded that
the element was orobably extracted from sea
water by certain organisms during their life
activities, and then concentrated uoon their
decay.
Without doubt, the most noteworthy
contribution to the problem is that made by
Treibs(84 ) who, in 1934, published the results
of his examination of petroleum and bituminous
materials for porohyrins. The significance
of this work is that certain porphyrins are
known to originate from the decomposition of
hemoglobin, whereas others come from the
(see Apoendix pp. 85, 86).
decomposition of chlorophyll. Using chromatographic tech-
niques for separation and ultra-violet absorption spectra
for identification, Treibs was able to identify positively
each type of porphyrin in various crude oils. Following
his suspicion that vanadium might be present in these oils
in the form of porphyrin complexes, he was able to isolate,
identify, and later to prepare synthetically a vanadium
complex of desoxyphylloerythroetioporphyrin. One of his most
significant observations was that a small oortion of the
porphyrin complex was extractable with alkali, proving the
presence of carboxyl groups and fixing the upper temperature
limit of petroleum formation in the neighborhood of 20000.
His work suggested that the vanadium was tied up with the
organic matter from the time it was first deoosited, and that
plant material played a much more important role in petroleum
formation than did animal remains.
Bader(5) apparently attempting to relate the high
vanadium content of the blood of ascidians to petroleum
formation in the face of Treibs conflicting evidence, contended
that the vanadium was associated with plant porphyrins through
a weathering orocess. Webb(92) later reported that vanadium
is not held in the blood of ascidians in the form of a
porphyrin complex, but rather in the form of a straight chain
system of pyrole rings comparable to a bile pigment.
A somewhat different approach to this subject was
advanced by Fester(21) and others who believe that vanadium
in the organic matter acted as a catalyst for the oxidation
of the carbonaceous material, and, consequently, was
directly responsible for its conversion into the highly
polymerized asphalts and bitumens. His theory, first pro-
pounded in 1938 and reiterated in 1949(23), maintains that
asphalt was formed by the intrusion of magma into bituminous
shales, with water, in a hypercritical state, acting as a
heat transfer medium. The catalytic action of vanadium
sulfide was important in these formations, this compound
having been in colloidal dispersion in the bituminous material
with no relation to the mineral matter subsequently incor-
porated in it. While such a mechanism may have operated in
the particular areas of Peru and Argentina about which he
wrote, it could hardly have been of importance in the for-
mation of petroleum and asphalts in general. In most areas
of petroleum and asphalt accumulation there is no evidence
of magmatic activity. Treibs work leadsus to believe that
the vanadium is tied up in the form of roohyrin complexes
and could hardly act as a catalyst. Further, the fact that
some of the porphyrin survives in the asnhaltic material
would seem to preclude magmatic activity. However, Fester
claims to have shown that much of the vanadium in the
asohaltic material of Argentina exists as colloidal sulphides.
He further states that in a personal conversation with Treibs,
the latter admitted that some of his samples contained
considerably more vanadium than could be accounted for by
the porphyrin content(22),
The most recent work reported is that by Skinner(79)
on a Santa Maria Valley, California, crude oil. He showed
the vanadium content, about 0.022% expressed as the metal,
to be present as a porohyrin complex. Extensive fractionation
of the crude demonstrated that the complex is largely associ-
ated with the asphaltic components. It was stable at 110*.,
but was changed when the crude was thermally cracked at
4500C. These results confirm Treibs' work, but add nothing
new.
As was stated in the introduction, most research
in the past has been directed toward a study of the one
element, vanadium. It has been known for some time that
many other elements occur in crude oil, coal and related
materials, but virtually no interpretation of their presence
has been attempted. This is understandable in view of the
fact that very few analyses have been made; those that have
been made, are, at best, less than semi-quantitative.
Vinogradov(91) observed that vanadium in petroleum
and bitumens is always associated with nickel and expressed
the view that it comes from the sludge of continental seas,
in which it was present since the beginning of the formation
of petroleum. He noted also that high vanadium crudes show
a high sulfur content and interpreted this as due to the
favorable influence of vanadium on orocesses of oxidation of
organic matter by sulphates. He further drew the conclusions
that vanadium, together with nickel, had extensively in-
fluenced the conversion of organic matter into petroleum
and that the hard vanadium-containing bitumens had been
formed from petroleum by polymerization.
In an analysis of coke formed in cracking crude oil,
Herman(40) found from 0.2% to 0.7% cobalt, nickel, tin and
vanadium. The white ash from an oil-burning steamer contained
approximately 0.1% molybdenum, 0.5% nickel, and 2.5% vanadium.
Heide(38 ) made a spectroscopic examination of the combustion
residues of five German crude oils. He reported the ash to
be from 0.01. to 0.05% of the oil and to consist of 90% iron,
calcium, magnesium, and aluminum. Of the order of 1.0% were
barium, copper, sodium, silicon, and tin. Of the order of
0.1% were cobalt, chromium, gallium, manganese, nickel, lead,
titanium, vanadium, and zinc. He also reported occasional
traces of bismuth, cadmium, arsenic, germanium, lithium,
molybdenum, and phosphorus.
In 1944, Haberlandt(32) proposed that many rare
elements, for example, germanium, arsenic, vanadium, boron,
cobalt, beryllium, silver, gold and nickel, are frequently
found in rock, coal, and petroleum in unexpectedly high
concentrations by reason of the presence of organic compounds
with which they form complexes. He also claimed to have
isolated a gallium-porphyrin from feldspar.
Wells(93) 'analyzed petroleum coke ashes from twenty-
four different sources, finding the chief constituents to be
silicon, iron, aluminum, calcium, magnesium, and sodium, with
occasional vanadium.
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Katchenkov(52), in a spectographic analysis of
petroleum ashes, found that calcium, magnesium, sodium,
aluminum, vanadium, iron, nickel, copper, strontium,
manganese, barium, and silicon are generallypresent in all
petroleums, independently of age and origin. Of the other
elements, chromium and thallium are most frequent, occasion-
ally also tin, lead, molybdenum, and cobalt. In no case
were silver, gold, arsenic, cadmium or zinc detected. He
observed that older petroleums contain higher amounts of
vanadium and nickel, lower amounts of strontium, the latter
being present in the ratio 1:3:6:9 in Devonian, Carboni-
ferous, Metajurassic, and Tertiary deposits. He attempted,
in a later oaper(54 ) to make rough age correlations by the
ratios of certain elements present, reporting, that Paleozoic
samples have more vanadium than nickel while Mesozoic and
Tertiary specimens have more nickel than vanadium. He also
reported that the ratio of nickel to copper and of nickel
to iron are higher in Paleozoic than in Tertiary samples,
and that the ratio of magnesium to strontium gives no
detectable age correlation. Another paper by this same author(53)
reports the occurrence of boron in certain petroleum ashes of
the U.S.S.R.
It might be well to point out that certain of
Katchenkov's findings are somewhat at variance with reports
from other parts of the world. Though data are meager, it
appears that the ancient, non-asphaltic base crudes contain
11.
little or no appreciable vanadium and relatively more nicel.
Asphaltic crudes, regardless of age, seem to be high in both
elements.
Glebovskaya and Voltkenshtein(30) claim to have
extracted and identified both vanadium and nickel porphyrin
complexes from bituminous rocks, petroleums, and bitumens,
using alcohol as the solvent and ultraviolet spectroscopy
for identification. They report that the vanadium nor-ohyrin
is acid, the nickel oorphyrin, neutral. They made the
observation that the presence of vanadium and nickel complexes
of porphyrin, and more generally, the presence of vanadium
and nickel which are residues of the corresponding oorphyrin
complexes, is an indication of animal origin. This is in
direct contradiction to Treibs who showed the vanadium
porphyrins, at least, definitely to be of the chlorophyll
type. Usoenskii and Gorskaya(88 ) also report finding
vanadium porphyrin complexes in high-sulfur oils from Fergana
and Haudak.
There are a few reports of radioactive elements in
crude oil ash. Longobardi(59) and others found uranium in
the ash of a San Rafael, Argentina, crude oil, and
Bogoyavlenskii(9) reoorted finding radium in ash from two
localities in Russia.
Although a complete survey of the literature on
related materials such as coal, plant and animal organisms
would be beyond the scope of this work, two excellent papers
-a
on coal deserve mention, if for no other purpose than to
show the similarity of occurrence.
In a study of vitrain-like coal deposits in North
Staffordshire and North Wales, Reynolds(69) found that the
deposits in the roof and floor of seams were rich in vanadium,
titanium, chromium, and nickel. The ash of two of the North
Wales vitrains also showed the presence of boron, 0.01 to
0.1% of antimony, barium, cesium, copper, germanium, lead,
molybdenum, phosphorus, ruthenium, strontium, zinc, and
traces of arsenic, beryllium, cobalt, indium, lanthanum,
manganese, silver and tin. Cauldron vitrains from Northumber-
land and Durham were rich in vanadium and chromium.
Yasumitsu(96) analyzed 70 samples of coals from
Japan, Sakalin, and Manchuria, finding silicon, aluminum,
iron, titanium, manganese, calcium, magnesium, strontium,
barium, copper, beryllium, boron, lithium, sodium, potassium,
nickel, vanadium, chromium, zirconium, tin, zinc and ohos-
phorus. Of these, silicon, aluminum, iron, magnesium, and
copper were found in all samples. A good review of earlier
literature was published by Gibson and Selvig in 1944(29),
From this brief survey, several facts become quite
evident. The most apparent, perhaps, is that virtually
nothing is known of the problem beyond the mere fact that





General. The spectrograph provides one of the
most highly specific of all methods of qualitative analysis;
it is, in addition, direct, rapid, and simple. Furthermore,
very small samples, 10 mg. or less, may easily be analyzed.
Spectrochemical analysis is possible because each
element burned in an arc or spark, emits a set of radiations
whose positions in the spectrum is characteristic of it
alone, and the greater the amount of the element, the more
intense the radiation becomes. Some 70 of the chemical
elements may be identified by a simole inspection of the
resulting pattern of spectrum lines. Radicals and molecules
cannot be directly identified by their emission spectra.
Most molecules are dissociated in the electric arc or spark,
and such elements as sulfur, selenium, the halogens, and
the gases require special spectroscopic techniques(36 ). By
use of a null method of analysis, any element that can be
detected qualitatively can also be determined quantitatively.
The most rapid method of identifying elements
employs reference or key plates in conjunction with a com-
parator. This instrument allows two plates to be brought
into optical coincidence without putting them into mechanical
contact. Many excellent charts and atlases are available
for comparison purposes, but it is usually more convenient
for the operator to prepare reference plates for his own
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particular instrument. Reference plates may be prepared in
two ways: (1) Spectra may be taken of each individual
element; (2) a spectrum of a so-called R.U. (raies ultimaes)
powder may be taken. Such powder, furnished by Adam Hilger,
Ltd., London, contains a mixture of some 50 elements in such
proportions that seven or more lines of the most important
elements will appear. If the spectrum of the material to
be analyzed is very rich in lines, use of an R. U. powder
may result in confusion, and in such case, plates of the
first type are superior. Reference plates, if made on a
prism spectrograph, must be taken at exactly the same wave-
length setting as the analysis plates. Dispersion varies
rapidly with wavelength in such instruments, and quite small
differences in wavelength setting will prevent matching the
plates on a comparator. An iron arc should be taken on both
reference and analysis plates to allow them to be aligned
properly in the comparator. The iron arc is convenient for
this purpose, because it is extremely rich in lines whose
wavelengths have been accurately determined.
At least the two most sensitive lines of an element
should positively be identified before the presence of that
element is reported. A recent and very useful tabulation of
these lines together with possible interfering lines is given
by Ahrens(l).
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In cases of doubt as to proper identification,
accurate wavelength determinations must be made by careful
measurement. For this purpose, a spectrum magnifier of the
type manufactured by Bausch and Lomb, having a 20 mm. scale
calibrated to 0.1 mm., may be employed. This scale can be
read to plus or minus 0.01 mm. and is arranged to be placed
directly against the emulsion side of the plate, thus
avoiding errors due to parallax. The distance between two
known lines, preferably one to each side of the unknown
line and as close as possible to it, is determined. Dis-
persion in angstroms per millimeter is calculated by dividing
the difference between the two known wavelengths by the plate
distance between them. The distance from one of the known
lines to the unknown is measured, and multiplied by the
calculated dispersion. The product is then added to or
subtracted from the wavelength of the known line to give
the wavelength of the unknown.
If a diffraction-grating instrument is used, the
reference lines used may be quite widely separated, since
the dispersion produced by high quality gratings is essen-
tially constant over wide ranges of wavelength. However,
the dispersion of a prism spectrograph varies so rapidly
with wavelength that the reference lines must be very closely
spaced, both with respect to each other and to the unknown
line. Otherwise, the simple linear interpolation calculation
16.
described above will lead to considerable error. The
approximate tolerance(lP'63) is 20A at 6000A, 10A at
3000A, and 3A at 2100A. A carefully plotted dispersion
curve of wavelength vs. distance along the plate is useful
if many such calculations are to be made, but it is not as
precise. Without the use of such a curve, it is necessary
to have known comparison lines at very close intervals,
and unless the sample itself contains a fair percentage of
iron, it is advisable to record an iron spectrum immediately
adjacent to that of the unknown. This should be accomplished,
if possible, by the use of the Hartmann diaphragm, which
allows the recording of several spectra without moving the
plate. The reason for this is that on most spectrograohs,
the racking device which moves the plate holder, produces
a slight lateral displacement from one spectrum to the next.
In qualitative analysis, it is extremely important
that electrodes be of the highest purity obtainable. If
chemical procedures have been used in the preparation of
samples or if diluents of any kind have been added, it is
absolutely necessary to know the state of purity of the
reagents or diluents used. Tools used in sample preparation
often cause contamination, and many erroneous reports have
entered the literature because of them. Steel percussion
mortars and metal spatulas are particular offenders, adding
such elements as iron, nickel, chromium, silver, and copper,
17.
depending , of course, upon the composition of the tool.
Small brushes used for collecting the last traces of small
and valuable samples are difficult to clean properly and
may contaminate later samoles. Agate mortars are usually
used for grinding and mixing purposes. These should be
free of soft spots, nicks, and cracks, and should be kept
in a high state of polish. Otherwise, they are difficult
to clean, from sample to sample. The electrode holders
of the arc stand must be thoroughly cleaned, particularly
the upper one, after each burn. The electrodes themselves
must be kept free of any possible contamination. Besides
keeping these things in mind, careful operators run frequent
blanks between samples, as added insurance against error.
The preceding remarks are included because they
constitute some of the more imoortant factors which in-
fluenced the writer's work. Some are fundamental and well-
known, but others, particularly those regarding contamination,
should be emphasized. They are, perhaps, as well-known, but
they tend to be ignored at times even by experienced spectro-
chemists; needless to say, this results either in much
additional work or in embarrassment.
Comolete details concerning analysis, both quali-
tative and quantitative, may be found in standard texts
such as Ahrens(l), Brode(12), Sawyer(72), and Harrison,
Lord, and Loofbourow(36 ). More or less complete tabulations
of known lines and wavelengths are to be found in the M.I.T.
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Wavelength Tables(35) , and in a recently published table
of multiplets(60).
Equioment. The instrument used in analysis
is the Hilger and Watts large quartz and glass spectrograph
mounted in the Cabot Spectrographic Laboratory of the
Massachusetts Institute of Technology. The mounting is
of the Littrow type. The are is powered by a 220 volt D.C.
power supply through a resistance box designed to give
currents of 3, 6, and 9 amperes. A short-focus, spherical
quartz lens forms an image of the source on the slit. The
slit jaws are of stainless steel, adjustable to any desired
width by means of a micrometer screw. Maximum slit height
is 20 mm. The slit is orovided with a fishtail for limit-
ing the height of the spectrum, a Hartmann diaphragm, and
a shutter. Optics, wavelength setting and focus may be
changed from a position near the source end without ooening
the case or closing the darkslide on the plate holder. With
quartz optics, the approximate dispersion in A/mm. is 1.9
at 2300A and 33 at 6000A. With glass optics, dispersion at
6000A is approximately 18A/mm. Resolution at 2750Ais .14A.
The instrument is illustrated in plate I.
Pure carbon electrodes, prepared from rods 1/811
x 12" produced by the National Carbon Company, were used
for the qualitative work. These electrodes are specially
treated and are of very high purity. A complete and dependable
16A.
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statement of purity accompanies each box. Eastman spectro-
graphic plates were used throughout the work, the emulsion
type used deDending upon the particular requirements of the
type of analysis and the type of material being analyzed.
For example, 103-0 plates were used for the actual analysis
of samples, because they give very high sensitivity in the
2830 to 5000A range. All plates were developed in Kodak
D-19 developer for 43 minutes at 20*C., fixed in Kodak acid
fix for three-quarters of an hour, and washed for one hour.
Preparation of Reference Plates for the Comoarator.
.Individual spectra of sixty-four elements were prepared in
the wavelength range, 2830A to 5000A. Not included, of
course, are the elements not detectable by ordinary methods
of emission spectroscopy; namely, hydrogen, the noble gases,
the halogens, carbon, nitrogen, oxygen, sulphur. Spectra
were taken of uranium and thorium, but background was so
strong and the spectra were so complex that the more sensitive
lines could not be identified. A spectrum was not taken of
selenium for two reasons; its lack of sensitivity and its
lack of sensitive lines in the region of 2830A to 5000A.
The latter is also true of tellurium, phosphorus, boron and
gold. However, since boron is reported in some petroleum
ashes(53), a spectrum was taken in the wavelength range of
2200A to 3000A. Spectra in this range were also recorded for
antimony, arsenic, beryllium, cadmium, and platinum, which,
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although they have sensitive lines in the 2830A to 5000A
region, have their most sensitive lines at shorter wave-
lengths. Spectra of the rare earth elements turned out
rather poorly because of intense background and extreme
complexity, but most are usable. Samples of promethium,
europium, terbium, holmium, and lutecium were not available
and were not sought in analysis. The chances are very slight
that rare earths other than yttrium, lanthanum, cerium, and
neodymium could be detected without special efforts at
concentration and considerable care in suppressing cyanogen
emission.
In the preparation of the reference olates, chemi-
cally oure compounds (oxides in most cases) of each element
were mixed with a large quantity of pure powdered carbon,
approximately in the ratio of 1:10. Elements whose sensitive
lines appear in the cyanogen bands were mixed with oowdered
S10 2 in about the same ratio. The samples were oacked in
1/811 carbon electrodes having a very small cavity, 1.5 mm
in diameter and 2 mm in depth. Exoosure times were varied
from one to ten seconds and the current from three to six
amperes, depending upon the excitation potential of the
element being arced. Use was made of the Hartmann diaphragm
which has three apertures of 2 mm size. The center aperture
was used for the iron spectrum, the two outside, for the
other elements. This arrangement made it possible to record
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14 elements on each 41 x 10"l plate, and still to leave enough
room between spectra to allow the labelling of the most
sensitive lines. A portion of one of these reference plates
is illustrated in plage V-a. Kodak 1L plates were used
because low background was desired rather than very high
sensitivity.
Since the identification and labelling of these
hundreds of lines would require the identification, as well
as frequent rehidentification, and measurement of twice as
many iron lines, the author prepared a reference iron arc for
use on the comparator. Several hundred iron lines were
carefully identified and labelled (see plate II-a). By
bringing this iron arc into coincidence with the iron arc
included with each reference spectrum, the sensitive lines
of each element were easily identified and labelled. In
some cases where lines are numerous, measurement was necessary
to insure correct identification. This is accomplished much
more easily and with less eyestrain on the comparator than
with a spectrum magnifier on an ordinary viewing box. The
projection screen of the Jarrell-Ash projection comparator
and micro-densitometer (illustrated in plate I) is provided
with a scale graduated in millimeters, and since the spectrum
is enlarged 1OX, there is no sacrifice in accuracy.
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Qualitative Analysis of Four Crude Oils. A
complete qualitative spectrochemical analysis was made
of four crude oils. A brief description of each of these
oils is given below.
Boscan--a heavy, highly viscous and asphaltic crude oil
from Venezuela, of late Cretaceous or early Tertiary age--
supplied by the California Research Corporation.
Burbank--a very light, volatile, non-asnheltic crude produced
from 2970 ft. in Phillips Petroleum Company's well No. 7 in
Burbank field, Osage County, Oklahoma, sec. 5, T.26N., R.6E--
Pennsylvanian in age.
Signal Hill--a highly asphaltic crude of medium viscosity,
produced from Shell Oil Company's Hutton No. 1 well, Signal
Hill field, Long Beach, California--lower Tertiary in age.
Barada--a highly asphaltic crude of medium viscosity produced
from 2600 ft. in well located in Barada field, Richardson
County, Nebraska, sec. 3, T.2N., R.16E.--Devonian in age.
For reasons which will be discussed in detail later,
samples of these crude oils were ashed by a wet-combustion
method. Samples of from 0.5 to 1.0 gram were oxidized by
long treatment with 50 ml. of concentrated nitric acid,
followed by the addition of 20 ml. of concentrated perchloric
acid. The acids were removed by distillation until the
oxidation of organic matter was compolete. The remaining
nitric and perchloric acids were then evaporated to dryness.
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The residues from this procedure were loaded in
the same type of electrodes as were used in the preparation
of the reference plates. Burns were made at 3 amperes and
were virtually flash exposures, none lasting over two seconds.
However, no material was visibly ejected from the electrode
cavity, and it is assumed that volatilization was quite
complete. Since high sensitivity was required, the spectra
were recorded on Eastman 103-0 plates. This is a very fast
emulsion type, sensitive only in the blue and ultraviolet.
Blanks of the electrodes and of the reagents were
also recorded. It was found necessary to evaporate 500 ml.
of nitric acid and 200 ml. of oerchloric acid in order to
obtain 5 mg. of residue for analysis. No impurities other
then the standard electrode impurities, namely, aluminum,
calcium, copper, iron, magnesium, sodium and silicon, were
detected.
In the tabulation that follows (table 1) it will be
noted that the elements have been placed in four categories:
major constituent, minor constituent, trace, and not detect-
able. These correspond roughly to the ranges, 100 to 1 per
cent, 1 to 0.01 per cent, 0.01 per cent to the minimum
detectable, and less than this. Without control of some sort,
attempts to estimate amounts closer than this usually lead
to serious error, since the intensity of a line depends on
many factors in addition to the concentration of the element
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being studied. It should be emphasized that the words
"not detectable" do not necessarily mean that the element
is absent; they mean only that under the particular con-
ditions of analysis, an element was either not present in
detectable quantity or was not subjected to conditions
rigorous enough to excite it. Many elements sought are
not included in the table because they were not detected
in any of the samples.
It will be noted immediately that there is a
definite similarity in these four analyses. Certain elements,
namely, aluminum, calcium, chromium, copper, iron, magnesium,
nickel, silicon, silver, sodium, and zinc, are common to all
four.
It we remove the Burbank crude, the similarity is
even more striking. This is quite understandable since,
unlike the Burbank crude, the three remaining crude oils
have a high asphaltic content. Additional elements common
to these three are lead, manganese, rubidium, strontium,
tin, and vanadium. Barium, lithium, and molybdenum are
present only in the Venezuelan crude, and cobalt and titanium
are present only in the Nebraska and California crudes. No
elements were detected in the Oklahoma crude that were not
present in the others.
Unfortunately, the two most sensitive potassium
lines in this wavelength range, K4044 and K4047, are not
25.
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M = major constituent, m = minor constituent,
Blank space = not detectable
tr = trace
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the most sensitive potassium lines. A red spectrum was
taken only of the Boscan crude and K7665 and K7699 are pres-
ent in great intensity. This fact is not recorded in the
table because it would convey the idea that it is absent
in the other oils. It is probably present in all of them.
The spectra of these four ash samles, with some
of the lines marked, are shown in plate II-b, c, d. The
top spectrum of each sample is approximately the right
half of the spectrograohic plate (ca. 3400-5000A), and the
bottom spectrum, the left half (ca. 2800-3400A). Spectrum
c is that of two ash samples taken with the Hartmann diaphragm,
the middle spectrum being that of the iron arc. On the top
half, where lines are labelled which occur only in the bottom
spectrum, the letter "b" follows the symbol of the element.
The spectra of these samples, with the exception
of the Burbank crude, are extremely complex. This is always
true of material having an appreciable content of iron,
vanadium, and nickel, whose spectra are very rich in lines.
Many of these interfere with the sensitive lines of other
elements, and extreme care must be exercised to avoid report-
ing elements that are not present. Elements may be missed
for the same reason. When elements were still in doubt after
careful measurement, they were not reported as detectable.
a. For/i/on of a label/ed i-on arc
N/ Fe NPh A
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THE CHEMICAL STATE OF
VANADIUM, NICKEL, AND CHROMIUM
A series of experiments was made with the Boscan
crude oil to determine, if possible, the chemical state
of the various inorganic constituents. These involved, (1)
extraction of the crude oil with water, acid, and alkali,
and (2) extraction of the asphaltic components of the crude
oil with organic solvents; both procedures to be followed
by qualitative analysis of the extracts and residual material.
Because organic solvents, acids and alkalis attack
rubber and cork, all-glass equipment was used, fitted with
24/40 standard taper ground-glass joints. Allihn condensers
were used for both reflux and distillation nrocedures. Round-
bottom flasks were heated by Glas-col resistance heaters,
controlled by variacs.
Water, Acid, and Alkali Extractions. Aoroximately
5 grams of oil were dissolved in 50 ml. of benzene in a
small beaker and transferred to a 500 ml. round-bottom flask.
The last traces of oil were washed from the beaker into the
flask with an additional 50 ml. of benzene. To this was
added 100 ml. of distilled water. This mixture was refluxed
at a vigorous boil for one hour with constant agitation to
insure complete mixing.
Upon cooling, the mixture was transferred to two
125 ml. separatory centrifuge tubes. These were balanced to
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within 0.1 gram on a platform balance. They were then centri-
fuged at 1000 r.p.m. for 10 minutes on an International
Equipment Company type SB centrifuge. It was found that
the stop-cocks on these tubes loosen at speeds much over
600 r.p.m., although they are rated at 1200. It was necessary,
therefore, to equip them with stop-cock seaters. Even with
these, samples were occasionally lost from full tubes at
1200 r.p.m. After centrifuging, the water phase was drained
into a glass-stoppered bottle for temporary storage, and
the oil phase transferred to a 500 ml. separatory funnel.
100 ml. of 1N HC1 was then added to the oil
phase. The mixture was shaken vigorously for 5 minutes
to insure complete mixing. This resulted in a very stable
emulsion which no amount of centrifugation could separate.
It was found that the addition of 100 ml. more of benzene
followed by agitation and centrifugation, as described in
the previous paragraph, resulted in "breaking" about 95%
of the emulsion. The acid phase was drained into a bottle
for storage, and the small amount of emulsion was drained
into a small separatory funnel for further treatment with
benzene. The oil ohase was then drained into a bottle
for storage. It was fand that further treatment of the
emulsion separated only a minute quantity of acid from the
oil and Droduced quite a solid gel. Probably the apolication
of heat would have broken this emulsion more efficiently.
However, such a procedure entailed the oossibility of
chemical action uoon the organic matter itself with release
of metals organically combined.
This complete chemical procedure was repeated,
using 1N KOH in place of H01. The emulsion resulting
from this procedure was quite similar in every respect
to that produced by the acid, and responded to treatment
in the same way.
The water resulting from the initial extraction
in each case was evaoorated just below boiling to a
volume of 10 ml., at which point, no salts had separated.
Five ml. of this water was transferred to a 10 ml. beaker
and evaoorated to dryness, leaving about 4 mg. of white
residue. This residue and the remaining 5 ml. of water
were retained for spectrographic analysis.
Half the HCl extract (about 45 ml.) was neutralized
with 1N KOH, using one drop of standard phenolphthalein
solution as indicator. There was no separation of either
organic or inorganic material at the neutral point. This
salt solution was evaporated to dryness, resulting in a
large quantity of KC1 which was retained for analysis. The
remaining half of the HC1 extract was evaporated carefully
to a volume of about 5 ml. for analysis.
The KOH extract was subjected to the same Drocedure,
half of it being neutralized with 1N H01. Again, no separa-
tion of any kind appeared at the neutral point.
20 ml. of the oil phase from the acid extradtion
and 20 ml. from the alkali extraction were evaporated at 70*C.




The 5 ml. samples of the two oils, the water, and
the two extracts were arced by a method adapted from that
of Carlson and Gunn (15), which will be treated in some
detail in a later section. The solid samples were arced as
previously described.
Spectrograohic analysis of the residue from the
water extraction and of the K01 from the acid and alkali
extractions failed to show an enrichment in any element.
In fact, the only elements detectable were the standard
electrode impurities. Apparently, the addition of the
added ion diluted the extracts beyond the limits of de-
tection for most of the element.
However, analysis of the concentrated liquid
extracts revealed several interesting facts. Their spectra
are shown in plete III,d,e,f.
Of particular interest is the fact that the chromium
is extracted by H01. It is insoluble in KOH and insoluble
in H20. No chromium is detectable in the oil after acid
extraction.
The vanadium is completely insoluble in water, acid,
and alkali. The nickel, very slightly soluble in water and
acid and insoluble inalkali, remains behind in the oil phase,
along with vanadium.
These experiments were duplicated, using chloroform
as the solvent in place of benzene, with exactly the same
results.
W
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Extraction of Asphaltenes with Organic Solvents.
Duplicate samples (approximately 0.5 gram) of dry powdered
asphaltenes from the Boscan crude were extracted, one with
pyridine, the other with benzene. A small Soxhlet extractor
was used, permitting continuous extraction with fresh sol-
vent. The asphaltene sample was placed in an alundum
extraction thimble. 120 ml. of solvent was used and ex-
traction was continued until the solvent remained clear,
throughout the cycle. Extraction was complete in about 5
hours. After removal of the solvent by evaporation, the
extract and residue were weighed and analyzed. The
experimental results are shown in table 2. Spectra of the
asphaltenes, benzene extract, and residue left after benzene
extraction are reproduced in plate III,a,b,c.
Evaluation of Results. These results show quite
clearly that the vanadium and nickel are largely present
in an oil-soluble organic complex, while the chromium is
not. That these complexes are of the porphyrin type found
by Treibs to contain the vanadium associated with other
crudes, oil shales, and bitumens is confirmed by several
facts noted in the procedures outlined above. The oil
does not contain large amounts of uncomplexed nitrogen
bases of more than 6 or 7 carbons since the HC1 extract
upon neutralization did not cause the separation of appre-
ciable amounts of organic material(77). Since this oil,
like many crude oils, contains considerable nitrogen, it
TABLE 2.
Pyridine Extraction Benzene Extraction
Sample weight, grams 0.496 0.501
Extract 0.423 0.489
Residue (by difference) 0.073 0.012













M = major, m = minor, tr = trace, n.d. = not detectable
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must be assumed that it is present as a cormlex. The fact
that this oil has a fairly high nitrogen content was shown
conclusively in a later experiment in which the oil was
arced in an atmosphere of helium (see plate IVb). The oil
gave rise to intense cyanogen emission, while pure carbon
produced none. The porphyrins in this oil must not be acidic
in character, since they fail to extract with KOH. Although
this oil, and asphaltic crude in general, is high in sulfur,
there is little evidence that metallic sulfides are present
in quantity. The metallic sulfides in question are all
soluble in either acid or alkali.
The fact that vanadium and nickel still appear as
major constituents in the 15% of residue from the pyridine
extraction is not surprising. Use of pyridine was based upon
a faulty translation of Treibs' work. It was believed that
the porphyrin-metallic complexes should be concentrated
almost comoletely in the asphaltene fraction, owing to their
insolubility in petroleum ether, and that they could be
extracted from this asphaltic material by pyridine extraction.
Discovery of substantial amounts of vanadium and nickel in
both asphaltene and light oil fractions and in their chroma-
tographic fractions (this work is described in a later section)
prompted the author to enlist the help of a reliable trans-
lator .81) Apparently, Treibs found that these complexes
become insoluble in light petroleum fractions only when quite
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pure, and are rendered soluble by accompanying impurities
in oil shales, crude oils, etc. A large part of the
porphyrin-complex material may therefore remain in the light
oil fraction, from which it can be removed only by repeated
chromatography. It cannot be removed from either fraction
by solvent extraction. If there is any simole way to pull
these materials out, Treibs did not discover it. The
presence of vanadium and nickel as major constituents in
both the pyridine extract and residue may be taken to mean
merely that pyridine is not as good a solvent for this oil
as is benzene.
DIRECT METHODS OF SPECTROGRAPHIC
ANALYSIS
D.C. Arc in Air. The simplest way of arcing an
oil is to fill the electrode cavity dropwise and to arc it
directly. Difficulties encountered in this operation were,
(1) the oil extinguished the arc which consequently had to
be restruck many times, (2) great quantities of unburned
carbon, containing unknown quantities of metals, were
introduced into the air, (3) much of the oil distilled, re-
condensed and ran down the arc stand. As an analytical
orocedure the method was quite useless, giving rise to
intense cyanogen emission from the carbon which makes up
some 80% of the oil, and to no less intense continuous
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radiation from incandescent carbon particles and from the
flame which enveloped the area of the arc. In arcing the
Boscan crude oil by this method, only vanadium and calcium
were detectable.
D.C. Arc in Inert Atmosnhere. It was felt that
many of the objectionable features of the procedure described
above might be eliminated by arcing in an inert atmosphere.
A chamber, adapted from a design by Vallee( 8 9), was used,
employing helium as the inert medium. This apparatus was
used successfully with helium by Seranhim(74 ) to eliminate
the masking of CaF6064 by the CaO band system at 5983-6362A.
Althougoh the method raoved of no value in the
inorganic analysis of crude oils, it is included here because
it proved certain points concerning the composition of the
particular oil arced, its effect on the arc, and the effect
of helium, in general, upon line sensitivity.
Two types of samples were arced in the chamber,
untreated crude oil (Boscan) and ashed samples of the same
oil; the latter, greatly diluted (1:9) with oure electrode
carbon. Very large samples were arced in 1/4 inch electrodes,
and burns were of three to three and a half minutes' duration.
The resulting spectra are shown in plate IV.
In the ashed samole, cyanogen emission was almost
completely suppressed. The crude oil, however, gave rise
to appreciable cyanogen emission, proving conclusively the
a A 5hed 5amp/e of go-cano crude, arced iri he/lm.
. Boscan crude oil, arced in- he//um.
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presence of nitrogen in the oil itself. Even so, the
cyanogen bands are considerably reduced in intensity compared
to those Droduced by an equivalent burn in air. Background
due to continuous radiation, while not eliminated completely,
is greatly reduced. In the case of the crude oil, the
continuous radiation was undoubtedly due to the fact that
glowing dendritic masses of carbon arose from the electrode
cavity. Parts of these broke away from time to time and
passed through the arc gap. Particles of glowing carbon
nrobably produced the same effect in the case of the ashed
samples. The presence of oxygen in these samples might
also be inferred.
The most interesting fact, however, is that, with
the exception of vanadium, no metals were detectable in the
spectrum produced by the oil. Several reasons may be given
in explanation. Most important, perhaps, is the fact that
the population of metallic atoms, in even a very large sample
of oil, is extremely small. Also, the arc temperature was
undoubtedly lowered profoundly by the oil, preventing the
volatilization of the metallic elements. Dissociation of
the oil was far from comnlete, large quantities having boiled
over to cover the floor of the chamber. Helium is known also
to contribute to a weakening of line intensity(lp. 61). The
addition of a quartz to helium and a quartz to air interface
in the optical system contributes a slight decrease in the
amount of transmitted light. Of more imoortance in this
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respect is the fact that during the arcing period, a white
film built up on the inside surface of the quartz window,
which undoubtedly caused a serious reduction in transmitted
light, as the burns neared completion.
A comparison of plate II-b with plate IV-a
demonstrates that no particular advantages accrue from
arcing ashed samples in an inert atmosphere. As a matter
of fact, there is a noticeable reduction in sensitivity,
and certain elements, among them chromium and manganese in
the particular sample arced, are suppressed entirely.
D.C. Arc in Air, Using Impregnated'Electrodes.
A third technique of direct spectrogranhic analysis, which
held great promise of success, is that developed by Carlson
and Gunn(15 ). These authors, adopting a sampling technique
developed by Calkins and White(l4 ), used cathode layer ex-
citation with an added internal standard. They claim only
that the method is better than semi-quantitative.
The sampling technique used by them was as follows:
1/8-inch pure-carbon rods, 2 inches in length, were employed
as sample electrodes. Each electrode was pre-arced with
10-ampere current for a 10-second period and, while it still
glowed, was added to the oil sample. The electrodes were
allowed to remain with the pre-arced portion immersed in the
oil for 10 minutes and were then removed from the oil by means
of tongs. After the electrode was wiped with clean cheese-
cloth, it was Dlaced in the electrode holder for arcing.
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An internal standard blend was prepared by adding
cobalt acetate to oleic acid, so that the resulting mixture
contained 10,000 parts per million of cobalt. Calibration
working curves were prepared by arcing standard oleic or
naphthenic acid blends of the metals desired; iron, calcium,
nickel, and chromium being prepared from the metal acetates,
vanadium from ammonium metavanadate, aluminum from aluminum
stearate, and silicon from a Dow-Corning silicone.
The method of preparing oils for analysis was the
same for calibration blends as for unknown samples. A 10.00
+ .0±5 gram portion of the sample to be analyzed was weighed
into a 50 ml. beaker. Exactly 1.000 + .005 gram of the pre-
pared cobalt internal standard blend was added to the beaker.
If the oil was solid or viscous, it was warmed to insure
better mixing. Intensity values were obtained by reference
to an H and D blackening curve based on the iron spectrum
over the spectral region of measurement.
In duolicating this procedure, the author experienced
a number of difficulties which led to the belief that a
number of assumptions essential to the Drocedure are unwarranted.
Since it was desired, if possible, to use anode ex-
citation rather than the cathode layer technique, a comparison
was made using both methods on the Boscan crude. This
comparison is illustrated in plate V-b,c. The apparent great
increase in sensitivity of the cathode layer effect over anode
excitation is actually not as great as the illustration would
a Portion of compar-aor p/afe for identificahon of Ca, Ch Go, Cr.
v Nv
A6. Cathode -layer excitation of floscan-7 crude.
V
c. A node exc/'tafon of Boscan
N'
d A node exc2fhc'on of Bloscan crude, using /NaCt to reduce background.
PL A TE Y
39.
indicate, since the cathode layer spectrum represents the
superimposition of two burns, as against one in the case of
anode excitation. However, even in single burns, there is
no doubt that for some elements there is a real increase in
sensitivity. This particular illustration was used chiefly
to show the marked wedge-shaped appearance of the lines
caused by samnling the arc column immediately above the
cathode. This effect leads to difficulties in oroper den-
sity measurements even in sectored spectra. Desoite this
advantage in sensitivity, in samples of four different oils,
the cathode layer effect failed to disclose the Dresence of
elements not detected by anode excitation. It should be
noted in the illustration that in the case of one element,
nickel, sensitivity is greater in anode excitation. Ahrens
and Liebenberg(lP-55) found this to be true also in rock
analysis. Although it is not very apparent in the illustra-
tion, the cathode layer technique produces a very intense
backgTround due in large Dart to cyanogen. This difficulty
may be circumvented in anode excitation by placing NaCl in
a shallow cavity in the sample electrode and burning only
to completion of Na volatilization. The spectrum resulting
from this procedure is shown in plate V-c. The use of
NaCl in cathode layer excitation destroys whatever sensi-
tivity advantage it may have, since the effect itself depends
upon the high temperature of the carbon arc in air. In view
of these considerations and of the experience of other
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workers in the Cabot Spectrographic Laboratory, anode
excitation was chosen for further development of the
procedure.
It was found impossible to duplicate the calibra--
tion standard blend of metallic oleates described by Carlson
and Gunn. These authors made reference
Elliott(20) in which orocedures for the
heavy metal soaps are carefully outlined
were followed implicitly by the author.
vanadate and acetates of chromium, nicke
manganese, and cobalt were finely ground
mortar, thoroughly dried, and weighed on
balance to the nearest milligram in the
to give 0.5% of each metal in 100 grams









were dusted slowly into 70 grams of TJ.S.P. oleic acid with
constant stirring. The mixture was kept at 1500 + 10oC.
throughout the reaction. Heating was continued for six
hours with occasional stirring until no sediment remained
at the bottom of the beaker. Enoug7'h oleic acid was added to
make the weight exactly 100 grams. The exact chemical com-
position of such a mixture is not known. Presumably, far
more hydrogen ion is available than is theoretically
necessary to incorporate all the metal as oleate. The
mixture should therefore consist of metal oleates, oleic
acid, acetic acid, ammonium acetate and water. Much of the
acetic acid and water should be expelled by the heating.
300 grams of standard, containing 0.5% cobalt
were made up by the same process. This solution was used
to dilute the mixture of oleates, giving a series of stand-
ards with decreasing amounts of chromium, nickel, silver,
manganese, copper, and vanadium, but a constant amount of
cobalt. A dilution factor of V31 was used, giving stand-
ards containing 0.5, 0.158, 0.05 and so on down to 0.00015%
of these metals.
The standards were then arced in triplicate,
giving a series of plates which, on superficial insoection,
promised to enable quantitative determinations of these six
elements to concentrations as low as 0.001 to 0.0005%.
However, on closer visual inspection, certain erratic
variations were noticed in the behavior of nickel. The
reason for this soon became evident. Upon standing over
night, all the standards except the very dilute ones showed
a pronounced sedimentation. According to Elliott(20,p.220),
of the oleates produced, only cobaltous oleate forms a true
liquid soap. The others apparently have a very limited
solubility in the reaction mixture. Test-tube experiments
on very small quantities of these metallic compounds in-
dicated that an appreciable amount of ammonium metavanadate,
nickel acetate, and manganous acetate very orobably never
underwent reaction. These facts alone caused enough doubt
of the method to warrant discarding it as a quantitative
procedure. However, the sampling and arcing method was used
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extensively in later work as a rapid and convenient
qualitative technique for the analysis of oils, oil
fractions and ionic solutions. During this work, some
of which (namely, the extraction work) has already been
described, further evidence was found against its use
as a quantitative procedure.
As an example, a 5 gram sample of Boscan crude
was boiled in reflux with 300 ml. of concentrated nitric
acid for six hours. 50 ml. of 72% perchloric acid were
then added and reflux was continued for 14 hours. The
solution at that point was a light yellow color, and
although oxidation of organic matter was still incomplete,
it was assumed that most of the inorganic constituents
were converted to a free ionic state. A small portion of
this acid solution was sampled by the above described
dined-electrode technique. In the resulting spectrum
(see olate VI--j) the most sensitive atom lines of vanadium
and. nickel were barely visible, but six atom lines of
chromium were present in very great intensity. In arcing
the undiluted and untreated oil sample by this same
technique, vanadium and nickel were in very great evidence
while chromium was not even detectable. In ashed samples,
vanadium and nickel dominated the spectrum, yet chromium
exhibited no greater intensity than that noted in the acid
samole. The important implications of these facts are
twofold.
First, chromium is undoubtedly present in this oil
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in far greater concentration than has been suspected, quite
possibly comparable to that of nickel. This will be con-
sidered in more detail later.
Second, the method of impregnating electrodes by
dipping them at red heat into a sample does not pick up
elements in proportion to their concentration. Adsorption,
the principle upon which the method is based, is soecific
and selective. That is to say, the extent to which any
substance is adsorbed under any given set of conditions
such as temperature, pressure or concentration, will depend
upon the physical and chemical nature of the adsorbent and
the adsorbed substance. Many illustrations of the specific-
ity and selectivity of adsorption are to be found in the
chemical journals, some as early as 1863 (46). In experi-
menting with adsorption from solutions of the structurally
similar substituted benzoic acids on a charcoal adsorbent,
Hartman and others(37) found that the degree of adsorption
under constant conditions changes not only when different
substituents occur on the benzene ring, but even when the
same substituent is located in a different position on the
ring. Not only are different substances adsorbed to varying
extents under like conditions, but also the same substance
may be adsorbed differently because of variations of the
properties in the same kind of adsorbent.
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Adsorption of ions from solution is a very poorly
understood phenomenon. It is known, however, that ions
are adsorbed preferentially, depending apparently upon
their ionization potential and their ionic radii as well
as upon the nature of the adsorbent. The effective radius
of an ion deDends unon its degree of hydration. The
ohenomenon of base exchange in clays and zeolites deoends
upon these same factors, and many investigators have
attempted to define ionic series in order of their adsorba-
bility. The presence of a non-electrolyte does not markedly
affect the adsorption of an electrolyte and vice versa.
One electrolyte, however, does affect the adsorption of
another electrolyte.
Now, if one examines critically the so-called
quantitative procedure of Carlson and Gunn in the light of
the facts briefly outlined above, it becomes quite apparent
that its use must certainly lead to serious error. In the
first place, the apparent assumption that a mixture of metal
oleates in an oleic acid matrix approximates either the
chemical or rhysical nature of a crude oil is utterly absurd.
If it were Dossible to prepare such an oil synthetically for
use with even one type of crude oil, application of calibration
working curves derived therefrom would not be valid for use
with other crudes. Even the slightest change in matrix
changes both the manner in which adsorption takes place in
the electrodes and the manner in which elements are
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volatilized in the arc. The inorganic materials in crude
oil are probably present in several quite different forms.
They may be contained as water-soluble salts in water
emulsified in the oil, as oil-soluble salts of petroleum
acids, as oil-soluble complexes such as the porphyrins, or
as suspended or colloidally dispersed particles. That they
exist in at least two of these forms, i.e. complexed and
uncomplexed, has been amply demonstrated both by the author
and others. Any sampling technique involving adsorption
therefore, makes it impossible to establish a relation
between the concentration of each element and the amount
adsorbed. Furthermore, it is incorrect to assume that the
physical structure, porosity and specific surface area of
all carbon rods, or even of small sections of the same rod,
are identical.
The well-knowm fact that for all types of adsorption,
the extent of adsorption varies inversely with temperature
probably does not constitute a valid objection to the method.
Although the exact purpose of pre-arcing the electrodes to
an intense heat was not explained, it apparently was to ex-
pand the structure and to increase its specific surface area.
Subsequent immersion in the oil sample merely served as a
convenient method of quenching, most of the adsorption
taking place at the lower temperature. This was verified
qualitatively by the author, who found thattunheated electrodes
soaked for several hours in an oil sample exhibited inappre-
31
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ciable adsorption of metallic constituents. Pre-arced
electrodes, allowed to cool in air before immersion,
showed adsorption at least equal to that of electrodes
quenched in the oil from red heat.
Spark Analysis. Excitation by spark discharge is
considered by many to be the best method for direct analysis
of liquids. This may very well be true. However, a spark
source was not available to the author for continued use.
The most recent attempts to utilize the spark discharge as
a means of analyzing petroleum oils are those by Calkins
and White(14 ) and GCassman and O'Neill(25). The former
utilized the dipped-electrode sampling technique described
above, and the same objections may be raised regarding its
accuracy. The latter authors placed the oil sample in the
upper electrode, which was pre-shaped in the form of a hollow,
porous cup. The author is not familiar enough with the method
or theory of the spark discharge to offer just criticism, but
he is extremely skeptical of any method which interposes an
adsorbent, filtering medium, membrane or other substance
between the sample and the source of emission. It is felt
that any method, to be successful, must insure complete
volatilization or ionization of the sample and introduction
of all the products into the arc or spark gap.
Another important consideration contributed to the
abandonment of direct arcing procedures. Certain elements,
namely, barium, chromium, lithiium, manganese, strontium, and
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zinc, known to be present in ashed samples of some of the
oils, were in no case detected by the direct methods tried.
INDIRECT METHODS OF SPECTROGRAPHIC ANALYSIS
ASHING OF CRUDE OIL
Ashing of crude oils prior to analysis is particularly
attractive for several reasons. (1) The arcing of solid
samples presents fewer operating difficulties. (2) The
restriction imposed upon arc temperature by highly volatile
hydrocarbons and by NaCl added for control of cyanogen is
avoided. (3) Background due to continuous radiation from
oxidation and flame emission is reduced to a minimum. (4)
Background due to cyanogen bands and bands due to oxides of
nitrogen are minimized. (5) Samples of all oils are con-
verted to an essentially identical chemical state. (6) The
analyst is enabled to synthesize calibration standards more
closely approximating the composition of the sample. (7)
Ashing effects a concentration of elements not otherwise
detectable.
Ignition Ashing Methods. The most direct method
of ashing organic materials is that outlined under A.S.T.M.
designation D382-38T (4) as follows: "A platinum, porcelain
or silica dish, or wide-form crucible of 50 to 100 ml. capacity
is heated to redness and weighed after cooling. An approxi-
mately 20-gram sample is placed in the dish and weighed to
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the nearest 0.1 gram. The dish is heated gently by a bunsen
burner until the oil can be ignited at the surface. The
burner is then renoved and the oil is allowed to burn com-.
pletely. All free carbon on the sides must be completely
burned and the residue heated with a strong flame, or in a
muffle furnace until all carbonaceous matter disappears.
The dish is weighed after cooling, and heating is repeated
to constant weight. The percentage ash content is expressed
as percentage of the original sample. Duplicate or average
results of two experimenters should agree to within 10%".
It was found immediately that the ashing of a 20-.
gram sample of Boscan crude by this method is impossible
and somewhat hazardous. This oil has virtually no light
fraction boiling below 2000C., and by the time it could be
ignited, it had started to bubble over. The largest sample
that could be retained in the crucible was found to be
apnroximately 5 grams. The oil did not sustain combustion
and consequently had to be re-ignited many times before
burning was complete. Ignition to constant weight was
accomolished in a muffle furnace.
Ten samples of Boscan crude oil were ashed in this
manner. The results of these ash determinations are shown
in Table 3. It is quite apparent that the reproducibility
of such ash determinations is extremely poor. Re-ignition
tended to occur with a flash and it is possible that the
force of these repeated ignitions wafted solid oarticles from
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the crucible. No visible ejection of material was apparent
from this cause alone, however, Of more importance is the
fact that ignition produced great quantities of dense black
smoke. A large quantity of soot from this crude was
collected merely by placing a cold watch-glass above the
flames. This soot was later oxidized by wet methods and
the resulting residue analyzed. All elements present in
the crude ash are present as well in the soot, and quite
oossibly even in greater quantity. Compare the spectrum
of this soot on plate VI-a with that of the crude on plate
II-b.
Brief mention should perhaps be made of an ignition
method devised by Gershevich(28 ) although it oroved to be
worthless. The orocedure is as follows: Weigh out 50 grams
of oil into a olatinum dish and pour as completely as oossible
ihto a separatory funnel. Place the dish with the remaining
oil in a circular hole cut into an asbestos board, heat to
dull redness over a burner and allow oil to drop on to the
side of the dish from the separatory funnel at the rate of
1 to 2 drops per second. Wash out traces of oil remaining
in the funnel by means of benzene into the dish.
An attempt was made to ash a 10-gram sample of the
Boscan crude by this method. The oil drops merely danced
wildly for a moment on the bottom of the dish and then




Sample, Ash, % %
gmns. gs. Ash Deviation
5.2436 0.1904 3.63 +188
2.8692 0.0605 2.14 + 70
4.7367 0.o65 o.14 - 89
3.9222 0.0735 1.87 + 49
1.9186 0.0019 0.10 - 92
5.0080 0.1719 3.37 +168
3.6683 0.0012 0.03 - 97
4.0229 0.0166 o.41 - 67
2.8075 0.0070 0.25 - 80
3.5317 0.0231 o.66 - 48
Average Ash = 1.26% Average Deviation = + 95%
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Ignition in oxygen. Since much of the organic
material in crude oil is apparently quite resistant to
oxidation, it was felt that success might be achieved by
burning the oil in a stream of oxygen.
A combustion tube, 600 mm. in length, having an
inside diameter of 19 mm. and outside diameter of 25 mm.,
was secured for this ouroose. This tube is a standard oro-
duct of the Corning Glass Works, sold under the brand
name of "Vycor", having a composition of 96% silica and
a softening point in the vicinity of 15000C. Heating of
this tube was accomplished by an electric resistance
furnace designed as follows: A furnace core of fused
alumina (alundum), 18 inches in length, 1 1/8-inch bore,
grooved for 8 turns to the inch, was secured from the
Norton Comoany. This was wound with 31.5 feet of 14-gage
chromel A wire, leaving about 3 inches of unwound core on
both ends. The winding was then covered with a 1/4-inch
coating of alundum cement, also a Norton product, for the
purpose of orolonging the life of the winding. A 28-gage
chromel-alumel thermocouple was imbedded in the outer coat-
ing. The output of this thermocouple was recorded on a
Brown recorder, and temperature of the furnace was controlled
manually by means of a knife switch. Calculated resistance
of the winding was 5.5 ohms, drawing 20 amperes from a 110-
volt A.C. line; Dower, 2200 watts. The furnace was mounted
horizontally on metal stands in a hood.
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A 0.3-gram sample of Boscan crude was placed in
a ceramic boat. The boat was then placed in the center
of the combustion tube, and the tube inserted into the
furnace core. To one end of the combustion tube was
attached a rubber tube from an oxygen cylinder. A bubbler
was inserted in the line for visual control of the gas flow.
A very light glass-wool plug was placed in the other end of
the combustion tube, and the oxygen flow adjusted to a slow
rate, apnroximately 0.5 cc./sec. The furnace was then
heated slowly to 450*0. At this point an explosion occurred,
removing the glass wool plug and the bubbler.
A oartial vacuum was apnlied to the downstream end,
by means of a water aspirator, and the experiment was re-
peated. A glass wool plug was not included, and the flow
of oxygen was approximately doubled. The furnace was raised
to 7000 0. without a suggestion of violence.
In both of these experiments, a large volume of
yellowish-white smoke was evolved. There is little doubt
in the author's mind that this smoke contained large quantities
of the sought elements, but an experimental verification was
not made. Also, in both cases, a large amount of oil, rather
than igniting, merely distilled and recondensed in the cold
end of the tube. The saturation of the glass-wool plug in
the first experiment undoubtedly restricted the flow of gas
and caused the explosion. These two oroblems could quite
possibly have been solved by the introduction of a second
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furnace kept at a constant high temperature, and by the
chemical washing of the combustion-gas followed by a
chemical analysis. A similar orocedure was used success-
fully by the Noddacks( 64) for the ashing of dried plant and
animal material. However, the insurmountable difficulty
with the method was the imoossibility of recovering the
samole. Very little of the sample remained to be ashed
in the boat. What did remain became thoroughly incorporated
with the ceramic material of the boat. The rest of the oil
ashed throughout the combustion tube, leaving orange deposits,
principally of V205. Attempts to remove these deposits
with combinations of boiling acids and alkalis failed. It
was concluded that the ash had actually combined in some
way with the silica tube. Whether the two actually formed
a eutetic mixture, the author is not prepared to say.
As a matter of curiosity, a small sample of V205
in a large sample of quartz was subjected to differential
thermal analysis on an instrument designed by Whitehead
and Breger(94 ). The resulting curve is shown in figure 1.
An irreversible endothermic reaction occurred at 6800C.,
and no heat change took place at 80000, the melting point
of V205. The sample, upon removal, appeared to be unchanged.
Ignition of Oil in Parr Oxygen Bomb. Ignition of
the oil in a Parr oxygen bomb would, without doubt, result
in comolete oxidation of the organic matter. The experience









combustion of only approximately 1 gram of sample, and that
the resulting mineral residue will be badly contamined with
the metals of the bomb itself, several of which are also
constituents of crude oil ash.
WET COMBUSTION
General. Perchloric acid either alone or in
mixtures with other acids has been widely used in the
oxidation of organic materials of plant and animal origin
previous to the determination of the mineral constituents(10,
47,48,80). Kahane and associates(51) have made the most
comprehensive study of these methods.
Hot concentrated oerchloric acid (60-72%) reacts
with explosive violence with organic matter from many
sources. This fact was found by the author to be especially
true of crude oil, and therefore, extreme caution was ex-
ercised in developing the method. Initial experiments were
made with single drops of oil and no more than 10 ml. of
acid. They must be carried out in a clean hood, constructed
of transite or other non-adsorbent, acid-resistant material.
Hoods of wooden construction absorb oerchloric-acid fumes,
and eventually explode(48),
Other investigators have used the following
methods for slowing down the reaction intensity of hot
concentrated oerchloric acid:
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(1) Dilute perchloric acid (40-60 per cent) is
added to the organic matter and the mixture concentrated
slowly by heating until the 70 to 72 per cent strength is
attained. The rate of concentration governs the speed of
oxidation of the organic matter.
(2) Nitric acid (sp. gr. 1.42) is used to destroy
the easily oxidized portion of the organic matter, after
which concentrated (72 per cent) perchloric acid is added,
and the remaining difficulty oxidizable material quietly
oxidized at the boiling temperature, approximately 20000.
(3) A mixture of concentrated nitric and perchloric
acids is heated with the organic matter.
(4) Concentrated perchloric acid is diluted by
the addition of strong sulfuric acid. A suitable mixture
consists of one volume of 72 per cent perchloric acid
diluted with two volumes of 80 per cent sulfuric acid.
(5) A mixture of concentrated nitric, Derchloric,
and sulfuric acids is employed.
(6) For the destruction of organic matter in large
amounts a digestion with concentrated sulfuric acid at
approximately 20000. is treated dropwise by the addition of
concentrated oerchloric acid as fast as it is consumed.
These methods, with the exception of No. 1, were
all tried. From experience gained with the other methods,
it is certain that method No. 1 would be extremely hazardous.
Methods 3, 4, and 6 were all found difficult to control,
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leading not necessarily to explosions but to reactions of
sufficient vigor to eject the material from the flasks.
It was found that, at least in the case of the asphaltic
Boscan crude oil, sulfuric acid alone does not destroy
appreciable amounts of organic matter. Nitric acid alone
destroys much of the organic matter. The addition of
sulfuric acid to nitric acid seemed to retard the action
of the latter, resulting in a much longer digestion time.
The digestion of organic matter over a period of 24 hours
was possibly more complete with the combined acids, but
in both cases, the addition of perchloric acid was necessary
to take it to completion.
Methods 2 and 5 both proceeded quietly to completion,
5 requiring a much longer time because of the additional
high-boiling acid. Method number 2 was chosen for further
work because of its greater simplicity and speed.
The volume of reagents required in this orocess is
extremely large, a 5-gram sample requiring approximately
300 ml. of concentrated nitric and 80 ml. of concentrated
perchloric acids to insure complete oxidation. For this
reason, samples were limited approximately to 1 gram,
preferably less. This, of course, resulted in a very small
amount of residue, but sufficient, nevertheless, for spectro-
graphic analysis. For this size samole, 50 ml. of nitric
and 20 ml. of perchloric acids were used.
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Experimental Procedure. The oil sample was weighed
to the nearest milligram in a clean 100 ml. round-bottom
flask. After the addition of 50 ml. of concentrated HNO3,
the mixture was boiled in reflux for a minimum time of 6
hours. At this point the contents of the flask were usually
a clear, transparent, dark-orange color. After cooling to
below 8000, 20 ml. of concentrated HC104 were added, and
the mixture subjected to distillation. Distillation pro-
ceeded slowly, requiring a minimum time of two hours. As
the volume approached 20-30 ml., the solution became color-
less, and at this point it was cooled and transferred to a
clean 150 ml. beaker, previously fired and weighed to the
nearest milligram. Transfer was completed by washing with
successive small volumes of distilled water until the
washings were neutral to litmus. The beaker was then
covered with a watch-glass, placed on a hotplate and evapo-
rated to dryness at a temperature just below the boiling
point. The beaker was then carefully fired to remove the
last traces of acid, cooled in a desiccator to room tempera-
ture, and again weighed to the nearest milligram. Firing
and weighing were repeated to constant weight. The residue
was removed from the beaker by means of a glass spatula.
If, after six-hours reflux with nitric acid, the
solution was still opaque or still contained solid oarticles,
it was necessary to add up to 20 ml. more nitric acid and to
continue reflux until the solution cleared. If this Dre-
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caution was not followed, the later reaction with perchloric
acid was uncontrollable. It was, of course, necessary to
remove the additional volume of nitric acid by distillation
prior to the addition of perchloric acid.
Results. The results of 20 ash determinations by
this method, 10 on Boscan crude and 10 on Burbank crude,
are shown in table 4. The method seems to be less erratic
than dry ignition methods, but is very far from being
satisfactory.
Explanation of Results. The reasons for such
erratic results are not as apoarent as in the case of dry
ignition methods. Not as well known, perhaps, as it should
be, is the fact that certain elements are volatilized in
varying degrees by acids. An interesting series of experi-
ments was made by Hoffman and Lundell(44) with six different
combinations of acids; HC1-HCO104, HBr-HC104, HCl-H 3PO4-HCl104,
HBr-H3P04-HCl04, HCl-H2S04, and HBr-H2S04. Unfortunately,
they did not include a combination of nitric and oerchloric
or of nitric, perchloric, and sulfuric. They found the
following elements to be appreciably volatile: As, Au, B,
Bi, Cr, Ge, Hg, Mn, Mo, Os, P, Re, Ru, Sb, Se, Sn, Te, Tl,
and V. Since the chlorides of Cr (CrO 2012, Sb, As, Ge,
Hg, Se, and Sn are known to be volatile at or below 20000.,
these authors included a halogen acid in all experiments.
They believe that losses are quite negligible in their
absence, or in the absence of halidea. They observe, however,
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that a slight loss of chromium may occur even if no halide
is added during oxidation with perchloric acid. Hydrochloric
acid is probably one of the nroducts of the reaction when
trivalent chromium is oxidized by perchloric acid.
Of the elements reported as volatile, only Cr, Mn,
and V were of immediate interest, because they were found
to be present in detectable quantity in the Boscan crude.
In the case of manganese and vanadium, the losses were
reoorted only as 0.1% and 2% respectively, and the author
had reason to believe that avoiding the use of HC1 or HBr
in the ashing method should eliminate their loss completely.
A small loss of chromium was felt to be unavoidable, but
again elimination of the halogen acids should have held the
loss to a minimum; certainly to the range of 1 to 10% as
compared to 99% when HC1 is used.
Further Investigation of Nature and Extent of
Losses. A sample of the acid distillate (HNO3-HC104 ) from
an ashing of the Boscan crude was arced with results as shown
in plate VI-b. The presence of chromium is not surprising,
although it was hoped that it would be visibly less than that
remaining in the ash. A barely detectable trace of vanadium
is oresent as well.
The presence of intense nickel lines, however, is
amazing. The only nickel compound known to be volatile at
low temperatures is nickel carbonyl, Ni(CO)4 , which boils
at 430C. This possibility was eliminated when a fractionation
TABLE 4
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of the distillate failed to show nickel in the lowest
boiling fraction (see plate VI-e). Chemical handbooks
list a boiling point of 136.70C. for Ni(NO3 ) .6H20, and it
was immediately assumed that the nickel was passing over to
the distillate in this form. This belief was even further
strengthened by the fact that fractionation of the distillate
showed a noticeable concentration in the 120-1450 range (see
plate VI-f,g). However, attempts by the author to boil
nickel nitrate failed. Furthermore, boiling of nickel
nitrate and nickel acetate in these same two acids failed
to volatilize nickel. Subsequent conferences with inorganic
chemists and reference to other literature (56,78), con-
cerning nickel nitrate, resulted in a great deal of
confusing information as to temperatures of decomposition
and loss of water of hydration. All agreed, however, that
it does not boil, and the handbooks should be corrected.
The general belief held by chemists is that volatile
chlorides and oxy-chlorides are the chief offenders, and
that conversion of these to sulphates prior to high tempera-
ture evaporation to dryness should reduce or avoid loss
through volatilization. However, nickel distilled from the
acid distillate even after the addition of a great (twice
the volume of the distillate) excess of concentrated sulfuric
acid. It is also volatilized when the oil is digested by
nitric and sulfuric acids alone (see plate VI-c). It must
be assumed, therefore, either (1) that some unknown volatile
nickel compound exists in the oil, or (2) that during
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oxidation by nitric acid, the presence of active oxides of
nitrogen leads to the formation of some unknown volatile nickel-
nitroso compound. The latter seems more probable. Sidgwick(78 )
lists one compounds, Ni(NO)OH, which, although not volatile,
decomooses at 90*0. Of course, this oarticular compound,
being basic, could not exist in acid media.
Even less understandable is the behavior of silver.
Although most of it was retained in the ash, an appreciable
amount distilled out in the 120-1450 range. Many silver
salts decompose at low temperatures, but none are known to
be volatile. The apparent doncentration of copper in the
130-1450 range is unexplainable for the same reasons.
The presence of iron in some of the distillates (see
plate VI-df,g,h) from procedures using sulfuric acid reveals
another little-known fact. Ferric sulphate is aopreciably
volatile. Others(90) have found this to be true, also.
A comparison of spectra c and d of plate VI shows
that losses of chromium are largely due to the use of perchloric
acid, while losses of nickel are very likely due to the use of
nitric acid. That is to say, about the same loss of nickel
occurs from a nitric-sulfuric digestion with or without the
addition of perchloric acid. Only a barely detectable trace
of chromium is lost in the same digestion in the absence of
H0104. The fact that any chromium, no matter how small an
amount, is lost from a digestion by nitric and sulfuric acids
alone is significant. A small amount of sodium and magnesium
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chloride is undoubtedly present in all crude oils and is
sufficient to cause losses regardless of the acids used.
Magnesium chloride, originally as solution in entrained
water in oils, is responsible for much corrosion of dis-
tillation eauipment. When either in solution in water or
as hydrated crystals in anhydrous oil, it hydrolyzes to
yield hydrochloric acid.
A close examination of spectrum b, plate VI, reveals
a barely detectable loss of vanadium from a nitric-perchloric
acid digestion. Of the many distillates sampled, this
occurred in only two. It may have been due to the formation
of a very small amount of V01 4 which is volatile above 148.50C.
In the presence of hot perchloric acid, the final oxidation
state of vanadium should be v5+ which forms no known
volatile compounds.
The loss of manganese noted in spectrum d, plate
VI, occurred only in this one instance and is unexplained.
As has been pointed out, similar losses of this element from
boiling acids have been renorted by others.
One is forced to conclude that it is virtually
impossible to predict the volatility of many elements from
mixed acid solution. Whether or not these losses are signi-
ficant is a debatable point. Many, including the author,
feel that the fact of significant losses is definitely
established, whereas others feel equally strong to the
(57)contrary( . If it were Dossible to assume that losses
occur on a percentage basis regardless of concentra-
tion, then small percentag'e losses would introduce
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significant error only in the determination of elements
present in the residue as. major components.
Chromium was detected in the ashed samples of all
four of the crude oils analyzed qualitatively. Distillates
from all samples contained appreciable amounts of chromium
as well. It is imoortant to note that chromium, or any
element, volatilized from 1 gram of oil into 70 ml. of
concentrated acid distillate has undergone aoproximately a
one hundred-fold dilution by weight with respect to its
concentration in the oil, while that remaining in the ash
has undergone anproximately a one hundred-fold concentration.
Yet, the intensities and number of chromium lines present in
the spectra of the distillate and of the residue are quite
similar. Compare spectra b and c, plate VI with spectrum b,
plate II.
As to the concentration of chromium relative to
nickel, little can be said in the absence of quantitative
data. There can be little doubt, however, that it is present
in far greater quantity than has ever been suspected, and
should be placed at least in the same order of magnitude.
The author proposes that the possible role of this
element in the formation of petroleum be given serious con-
sideration by future investigators. Various proposals have
been made in the past concerning the possible role of vanadium
and nickel as catalysts. It is extremely unlikely that either
one, tied up as they are in organic complexes, could have any
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catalytic activity. Chromium, on the other hand, has been
shown to be unassociated organically, at least in one oil,
and its presence has been demonstrated in four oils from
widely separated areas. Present in a free, inorganic state,
finely disseminated, it could be very effective as a catalyst.
The catalytic activity of Cr2 03 in hydrogenation is well-
known to organic chemists( 6 ).
The possibility that some low-boiling metal compound
similar to nickel carbonyl might be escaping from the top of
the reflux column was not overlooked. During oxidation of
organic matter by nitric acid, dense brown fumes of the oxides
of nitrogen escape from the top of the reflux condenser.
These fumes were passed through a trap packed in dry ice. A
large volume of brilliant blue solid and dark blue liquid
collected in the trap. The trap was then sealed, the inlet
tube being first drawn to capillary size. This material
was analyzed for metallic constituents in the following
manner. A 3/16-inch oure carbon electrode, 2 inches in
length, was drilled from end to end alon: its axis with a
1/16-inch drill. This was made the bottom electrode, or
anode. The arc was then struck and oositioned on the slit
with the shutter closed. The trap containing the samole was
removed from the dry ice, the capillary broken, and the
broken end introduced an inch or so into the bottom of the
tubular electrode. The gradual taper of the capillary pro-
duced a snug fit between it and the walls of the electrode.
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The shutter at the slit of the spectrograph was immediately
opened. The warmth of the hand holding the trap was
sufficient to melt the blue solid almost immediately and to
volatilize the blue liquid into the are gap. Arcing was
continued until the liquid stopped boiling and became a
dark brown color. It produced dense cyanogen bands as well
as several series of complex band spectra throughout the
length of the plate. The blue liquid was identified as an
equimolar mixture of NO and NO2 , which boils at 3.500.(56).
The additional band spectra are due to these oxides( 66 ).
No metallic elements were found to be oresent in this
material.
Further Efforts to Prevent Losses. The possibility
of preventing losses by distillation of the acids under re-
duced pressure was next investigated. A water aspirator,
with trap, was attached to the distillation apparatus. A
dry ice trap was inserted between the receiving flask of the
still and the aspirator trap. The purpose of the dry ice
trap was to reduce the action of the acid vapors uoon the
samll amount of rubber tubing used in connectin2: the aspirator.
A stop-cock was inserted between the two traps for emergency
restoration of atmospheric pressure to the system. Bumping
of the contents of the boiling flask, one of the major
difficulties of distillations of this type, was reduced most
effectively by a controlled leak through a fine capillary
tube. The caoillary end was placed at the bottom of the
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flask and regulated to give a continuous flow of extremely
fine bubbles. The air flow was regulated by means of a stop-
cock, and was cleaned by drawing it through an ascarite filter.
It was found that, by this method, the boiling point
of nitric acid could be lowered only to about 80*0; of per-
chloric, only to about 19000. Nickel was found to be present
in the distillate. Since, in distillation at atmospheric
pressure, no nickel was lost below 1200C., it may be inferred
that this nickel compound, whatever its composition may be,
is a liquid.
Use of a water aspirator is a very impractical means
of obtaining a reduced pressure, because it is impossible to
control. Only with constant vigilance and frequent use of the
emergency stop-cock was it possible to distill nitric acid from
even one sample. Constant slight fluctuations in pressure cause
overheating of the boiling flask, followed by sudden release of
vapor and passage of the sample itself over the still head.
Operation of this system at room temperature over a twenty-hour
period resulted in the evaDoration of about 15 ml. of nitric
acid from a 50 ml. sample. Operation of the system at room
temDerature with a high-vacuum pump indicated that evaporation
could be accomplished in a relatively short time. However, the
experiment was not completed because yellowish fumes began
to rise from the oil reservoir of the vacuum Dump. The
problem of shielding a vacuum pump from the corrosive fumes
arising from the evaporation or distillation of great
quantities of concentrated acid is not a small one. Dis-
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tilling perchloric acid by this method presents even more
serious nroblems. Nickel, however, was not detected in the
small amount of acid collected in the dry ice trap.
Regardless of whether nickel losses could be
prevented by this procedure, it is certain that loss of
chromium could not. A rough calculation will show that it
migxht be possible to lower the boiling point of 72 per cent
perchloric acid (205*0.) to about 600C. at a pressure of 0.01
atmosohere. The boiling point of chromyl chloride at 0.01
atmosphere is about 900.
FRACTIONATION OF CRUDE OIL
It was desired in this work to retain such metallic
elements, as are organically combined, in their correct
relationships to the oil fractions. Fractionation by dis-
tillation obviously could not be used, since the metallic
elements for the most part would be removed from the lighter
comoonents and incorporated in the residue or coke. It is
unlikely that metals are combined with the very light com-
ponents of crude oil, but it is impossible to set a limit
to this type of conjecture. Some go so far as to suggest
that they are associated only with the asphaltic components( 4 2),
It would orobably be safe to assume that temperatures of less
than 10000. would not seriously affect most asphaltic oils.
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Solvent extraction and chromatography are two excellent
methods for obtaining fractions without altering the chemical
structure of the oil. It was decided to separate the oil
into a light component and an asphaltic component by means of
solvents, and to subject each to a chromatographic separation.
Solvent Extraction--Separation of Asphaltenes. The
asphaltic components of crude oil may be precipitated either
by forcing large amounts of gaseous paraffin hydrocarbons
into solution(4 2) or by adding petroleum ether(43). How
complete the seoaration is by either of these methods is un-
known. Petroleum ether was chosen for the oresent work.
The precipitation of asohaltenes by nentane is not a
simole matter of adding the oil to the pentane or the nentane
to the oil. Addition of the Boscan crude, dropwise with
constant and vigorous stirring, into a beaker of pentane
resulted in the formation of globules of oil with no visible
solution in the pentane. The same effect was observed with
hexane. Heptane dissolved Dart of the oil and precioitated
considerable asphaltic material, but still produced a small
quantity of globules which could not be dispersed.
The Boscan crude is very viscous and asphaltic and
probably contains a fair amount of emulsified water. The high
viscosity and the emulsion content contribute to the formation
of the large globules, preventing oroper contact with the
solvent. It was necessary, therefore, to use a solvent,
miscible with pentane, which would completely dissolve the
oil. Solution was found to be quite complete in both chloroform
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and benzene, benzene proving to be the better of the two.
When a benzene solution of the oil is added dropwise to
nentane with constant stirring, dispersal is complete, and
a clear separation takes place between the finely divided
asphaltic precipitate and the soluble material. Although
the definition of the term "asphaltene" is quite arbitrary,
it was desired that these fractions truly reflect insolu-
bility and solubility in pentane, rather than in a benzene-
pentane solution. The way in which the benzene was removed,
or reduced to negligible concentration, is shown in the
outline of the procedure, figure 2.
Asphaltic material removed from the Boscan crude
by this method makes up about 22 percent of the oil. In
direct contrast to this is the Burbank crude which is
apparently completely soluble in oentane and contains no
asphaltic material.
The original oil and the two fractions were arced
with results as shown in plate VII. It will be seen im-
mediately that there is very little, if any, difference
between the fractions. If one stretches the imagination
slightly while examining line intensities and number of
lines present, there appears to be a slight concentration
of vanadium in the aslhaltic fraction as opposed to a
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Chromatographic Separation. Chromatograohic
separation of mixtures depends upon the preferential
adsorption of different solutes from solution by an adsor-
bent material. Since solutes, solvents, andadsorbents are
almost without number, their combinations and oossible
applications are infinite. Though hardly a newly discovered
phenomenon(16), it has undergone an almost feverish develop-
ment in the last few years as an analytical tool. Scientific
journals contain thousands of articles and notes concerning
special applications and refinements. Few attempts have
been made to correlate this tangled mass of information and,
as a consequence, proper evaluation of the technique with
resoect to its applicability to new materials is extremely
difficult and time-consuming. New develooments and appli-
cations are made, almost without exception, by trial and
error. Several investigators have applied the method to
various Dhases of the analysis of oetroleum oils(2,18,24,6l,
62,73)
The technique depends upon a dynamic oartition or
distribution of dissolved or dispersed substances between
two immiscible ohases, one of which is moving past the
other. The mixture to be resolved is adsorbed in an ad-
sorptive column, wherein it is washed with fresh solvent
or with mixtures of solvents so that the solutes migrate
through the porous, non-mobile phase at different rates
and separate from one another.
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The pentane-soluble fraction of the Boscan crude
was used for development of the procedure. Three ad-
sorbents, silica gel, MgO and A1203 were investigated.
Columns were prepared from 60 cm. lengths of glass
tubing, having an 8 mm. outside diameter. A constriction
amounting to about half the inside diameter of the tube was
drawn 5 cm. from the lower end, and a 100 ml. reservoir
(flask) was fused to the top end. A very small glass wool
plug was placed immediately above the constriction to serve
as a suonort for the column of adsorbent. The tube was
then oacked with adsorbent to within 5 cm. of the reservoir.
The lower end was connected to a 500 mi. filtering flask by
means of a rubber stopper, bored to receive the tube. The
sample to be chromatographed was poured into the reservoir,
being careful not to disturb the top surface of the adsor-
bent. The sample must be in just sufficient amount so that
as the front boundary of the first fraction aoproaches the
constricted opening at the bottom, the last of the sample
disappears into the adsorbent at the top. This must be
determined experimentally with each oil. Passage of the
sample into the adsorbent is usually a very slow process and
must be speeded up either by decreasing the pressure at the
bottom or by increasing it at the top. The boundaries of
fractions were not visible in ordinary light, but could be
determined easily by differences in their fluorescence in
ultraviolet light. The fractions were removed from the
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bottom by elutriation with fresh solvent which was added to
the reservoir immediately upon the disappearance of the
sample into the column.
Uniform packing of the adsorbent column is extremely
important. Otherwise, fraction boundaries are so irregular
that they are impossible to determine. Dry packing techniques,
namely, slow addition accompanied either by tamping with a
glass rod or by constant light bouncing movement of the
column, are completely unsatisfactory. Best results were
obtained by closing the lower end with a cork, filling the
column with solvent and dusting the adsorbent on to the top
surface. Dusting should be regulated so that a reasonably
uniform but heavy rain of particles occurs. If the addition
of adsorbent was too slow, large sections of the column
settled as units, resulting in alternating tightly and loosely
packed sections with essentially horizontal boundaries. If
addition was too fast, an effect similar to dry packing was
achieved, whereby many sections of different porosity and
irregular boundaries developed. The column was filled to the
base of the reservoir and the solvent then forced through by
means of a 5-pound nitrogen oressure at the top of the column.
Use of positive pressure was found to be more easily controlled
than reduced pressure at the bottom. If, during this process,
a settling of more than 5 cm. occurred, more adsorbent was
added to bring the surface to within two or three centimeters
of the base of the reservoir, and the orocess continued. The
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sample was added as the last of the solvent disappeared from
the reservoir, and was forced through in the same manner.
Obviously, the same solvent must be used for preparing the
column as is used in dissolving the oil.
Of the three adsorbents tested, only alumina gave a
satisfactory senaration. The rate of flow was so sluggish,
that it was found necessary to add celite to the alumina in
2:5 proportion by weight. This increased the porosity
enough so that a satisfactory separation could be achieved
over a period of three hours. This does not include
recovery of the top asphaltic fraction which required a
separate Drocedure. Since celite itself is a commonly used
adsorbent, the separation cannot be ascribed to the ad-
sorptive nroperties of alumina alone.
It is not possible to keep better than a semi-
quantitative account of these fractions. This problem is
not so great in the case of heavy asohaltic crudes such as
the Boscan, which contain little or no light fraction boiling
below 2000. However, some crudes, such as the Burbank, have
an appreciable vapor pressure at room temperature, and it is
impossible to distill even petroleum ether from them without
losing part of the crude. This, of course, could be oartly
avoided by first removing the light fraction to about 100 0C.




The following procedure was used in an attempt to
account quantitatively for fractions of the Boscan crude:
Benzene and oentane were removed from the asphaltic and
oentane-soluble fractions by distillation to maximum
temperatures of 1000 and 50* C. respectively. The last
traces of solvent were removed by connecting the flasks
while still warm to a water asnirator. Weighed samoles of
each were then redissolved in the same two solvents and
chromatographed. The large amount of solvent was removed
from each fraction in the same manner and the fractions
weighed. Results were as shown below:
TABLE 5
Chromatograph- Asphaltene Sample Pentane-Soluble Sample
ic Zones 2.511 gms 2.161 rms
Weight % Weight
Lower 0.092 3.6 0.055 2.5
Middle 1.602 63.9 0.880 40.7
UPper 0.671 26.7 1.157 53.5
Unrecovered 0.146 5.8 0.069 3.2
In neither case was it possible to remove the upper fraction
by elutriation. It was necessary to subject the alumina of
this zone to Soxhlet extraction, using benzene with both
samples. In order to limit the zone to as small a quantity
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of alumina as oossible, the columns were first inverted,
plugged with glass wool, and back-washed with benzene. The
benzene from this procedure was incorporated with the addition-
al benzene used in the extractions.
It is quite surprising that these two very different
fractions give the same types of chromatographic fractions;
a lower fraction with blue-violet fluorescence in ultra-
violet light, a middle fraction with greenish-yellow fluor-
escence, and an upper brown non-fluorescent fraction. One
suspects that a separation of asphaltic material with
petroleum ether is not a very clear separation, large amounts
of asnhaltic material remaining in the soluble fraction and
large amounts of soluble material remaining in the precipi-
tate. This is further borne out by spectrographic analysis
of the chromatogranhic fractions.
A oortion of each chromatographic fraction was
dissolved in 10 ml. of benzene and arced by the dipped
electrode technique. The results of this analysis are shown
in plate VIII. Except for spectrum d, all these spectra
are quite similar and it would be unsafe to draw very many
conclusions from them. The chief concentration of nickel
seems to be in the middle and upper zones of the soluble
fraction, while the chief concentration of vanadium apoears
to be in the middle asohaltene zone and the upper soluble
zone. It is very likely, however, that the vanadium and
nickel are actually concentrated in very much the same
a. Lower apho/tene zont
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. Upper a5p/7ofene z-on
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fraction of the oil. The most evident conclusion to be
drawn from the whole *rocedure is that initial separation
of asphaltic material by petroleum ether serves no useful
purpose. A better separation of the original oil can
undoubtedly be achieved by chromatography alone. Repeated
chromatograohy of these fractions might very well lead to
a clear-cut and interpretable separation of vanadium and
nickel.
CONCLUSIONS
In the Boscan crude, vanadium and nickel are present
in an oil-soluble complex, insoluble in H2 0, H01, and KOH.
Chromium, on the other hand, is present in a form, rrobably
inorganic, soluble in dilute H01, insoluble in H20 and KOH.
The oil solubility of the vanadium and nickel compounds
and their failure to extract with water, acid, or alkali
suggest that they exist in stable comolexes of the oorphyrin
type, such as were found by Treibs to contain the vanadium
associated with other crude oils, oil shales, and bitumens.
The norohyrins in question must not be acidic in character,
i.e. must not contain carboxyl groups, since the comDlexes
fail to extract with KOH. Indications of porohyrins in
this crude are supported by evidence of nitrogen comoounds
and by the absence of uncomolexed nitrogen bases.
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On the basis of convincing experimental evidence,
the author contends that chromium is present, in all oils
analyzed, in large amount, comparable to that of nickel.
Since chromium is not combined organically, it could very
well act as a catalyst in hydrogenation orocesses involved
in the origin of petroleum and related substances.
The conclusion is inescapable that there is simply
no satisfactory method of ashing a crude oil quantitatively.
Literature on this subject, which reoorts percentage ash
figures and relates quantitative analyses of such ash to
concentrations in the original oil samples, is quite mean-
ingless. Such determinations are, at best, order of
magnitude estimates.
As far as the author is aware, the volatilization
of nickel from mixed acids has never before been reported.
The fact of its volatilization is viewed with much
skepticism by spectrochemists and inorganic chemists alike,
who prefer to regard its presence as due to some sort of
contamination. That this is not the case, however, has
been amply oroved, and the author is prepared to state
categorically that nickel distills, in some unknown form,
from nickel-rich asphaltic crude oils during their decom-
position by mixed perchloric and nitric acids.
Qualitative analysis shows certain elements to be
common to the four oils samoled; namely, aluminum, calcium,
chromium, copper, iron, magnesium, nickel, silicon, silver,
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sodium, and zinc. Of these, aluminum, calcium, iron, magnesium,
silicon, and sodium are reported to be in all oils investi-
gated by others (15, 33, 38, 52, 68, 76, 82, 93). This is not
particularly surprising since these elements, with oxygen
and potassium, make up about 98% of known terrestrial matter.
They were probably incorporated in the oil from the enclosing
sediments, and contained either as suspended material or as
dissolved salts in emulsified water. They are also the con-
taminants most likely to be introduced during production from
the well. There is a possibility that copper, silver, and
zinc may be combined organically, but evidence found by the
author is inconclusive. Additional elements found to be
common to asphaltic crudes are lead, manganese, rubidium,
strontium, tin, and vanadium.
From theoretical considerations, supoorted in part
by experimental evidence, the author concludes that known
methods of direct spectrographic analysis of oils are subject
to serious error. Moreover, such methods lack sensitivity.
PROPOSED WORK
Since it seems unlikely that any simple and practical
method can be devised for the quantitative ashing of crude oil,




1. Weigh to the nearest mg. carefully dried
compounds (no halides) of the metals
desired in calculated amount to give equal
amounts by weight of each metal.
2. Combine the compounds and add a small per-
centage, say 0.01% of NaCl, calculated on
the weight after addition.
3. Mix thoroughly by long-continued grinding
in an agate mortar.
4. Using a convenient dilution factor, dilute
a carefully weighed portion of the mixture
with pure carbon in which 0.01% NaC1 has
been thoroughly incoroorated. Continue
this dilution process to give a series of
standards of decreasing metal concentration
to twice the lowest limit desired.
5. To 0.500 gm. sample of each standard add
0.50 gm. of pure mineral oil. Weigh and
recalculate percentages on the new weight.
6. Ash each standard with 50 ml. nitric and
20 ml. perchloric acid. (Be sure metals
are in highest oxidation state--otherwise
explosions wvill occur).
7. After removal of oerchloric and nitric
acids by careful and slow evaporation,
dissolve residue in distilled water.
MW~N-
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8. From a burette add a carefully standardized
cobalt chloride solution in calculated amount
to give 0.01% Co based on the weight of sample
before ashing.
9. Arc these samples in triplicate.
10. Prepare working curves as outlined in standard
texts, using percentage values determined in
step 5 above.
Preparation of samples to be analyzed
1. Carefully weigh samples, of as close to one gram
size as possible, and subject to treatment out-
lined in steps 6 through 9 above.
2. As outlined in standard texts, determine con-
centrations by reference to working curves.
There is no guarantee, of course, that losses from the stand-
ards will be similar to those from the samples. If losses
from the standards are excessive or erratic, as they may
well be, working curves derived therefrom will be unusable.
0.01% of NaCl is merely an approximation of the chloride
content of crude oil and may be excessive. Cobalt, the





Use of Boiling Chips to Prevent Bumoing. Bumping
of mixed boiling acids and oil is extremely difficult to
control. All standard boiling chips were found to be
unsatisfactory. Glass beads do not provide enough centers
for small bubbles to form. Porous silica chips, advertised
as oure, and insoluble in acids, disintegrate with constant
bouncing and are difficult to remove from the samole. They
do prevent bumping. The silica itself may be insoluble in
acid, but the impurities, of which there are many, are not.
Treatment with acid, however, failed to remove all im-
purities.
It was discovered that No. 8 grit size silicon
carbide, ourchased from the Carborundum Co. of Niagara Falls,
New York, is ideal for this puroose. Soectrogranhic analysis
revealed calcium, aluminum, manganese, chromium and nickel
as impurities. These are aoarently surface impurities.
because treatment with acid removed all but calcium. They
undergo no loss in weight with long-continued use, and
their interlocking needle-like structure orovides many
centers for the formation of bubbles. Chemists, in general,
are not aware of the usefulness of this oroduct.
Alumina Used in Chromatography. If contamination
of chromatographic fractions is to be avoided, the alumina
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should be purified, as it contains large amounts of im-
purities. It is possible, of course, that organic
solvents do not remove appreciable amounts, but the matter
should be investigated if further analytical work is to
be undertaken with chromatography.
Further Note on Chromatography. Elutriation leads
to a certain amount of mixing of fractions and it is often
difficult to determine cut-off points. A cleaner separa-
tion could undoubtedly be obtained by cutting the column
at the fraction boundaries and elutriating each separately.
Volatilization from Mixed Acids. Geologists and
others who use hydrofluoric acid for the removal of silica
should be aware of a publication by Chapman, Marvin, and
Tyree(17) who report significant losses from HF-HC10 4
treatment not only of Si, but of B, Ge, As, Sb, Cr, Se, Mn,
and Re.
Much of the loss from nitric-perchloric solutions,
experienced by the author in his work, undoubtedly occurs
during the later stages of evaporation to dryness. Copious
white fumes are evolved. The only practical way to determine
losses of this type is to know the quantity of metal
originally in the sample and to calculate the loss by
difference. The author suspects that temperatures of
decomposition of many compounds listed in chemical hand-
books have a broader significance than is implied in the
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definition of "decomposition". Further investigation should
be made concerning the exact nature of the products of de-
composition. For example, one would normally expect ferric
sulphate to decompose at 48000. yielding only ferric oxide
and sulfur trioxide, all of the iron being retained
quantitatively. Such is not the case. Whether volatilization
is enhanced by the presence of other comoonents in the mix-
tures analyzed by the author is unknown.
Distilled water. Spectrochemists and microchemists,
if they are not already aware of the fact, should be advised
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Chlorophyll-derived porphyrin. If X is 000H, it is desoxo-







Hemoglobin-derived porphyrin. If X is 000H, it is ineso-
porphyrin. If X is H, it is meso-etioporphyrin.
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